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Abstract: The autophagy gene ATG7 has been shown to be essential for the induction of autophagy,
a process that used to be suppressed in nonalcoholic fatty liver disease (NAFLD). However, the
specific role of ATG7 in NAFLD remains unclear. The aim of this study was to analyze hepatic
ATG7 mRNA and ATG7 protein expression regarding obesity-associated NAFLD. Patients included
women classified into normal weight (NW, n = 6) and morbid obesity (MO, n = 72). The second
group was subclassified into normal liver (NL, n = 11), simple steatosis (SS, n= 29), and nonalcoholic
steatohepatitis (NASH, n = 32). mRNA expression was analyzed by RT–qPCR and protein expression
was evaluated by Western blotting. Our results showed that NASH patients presented higher ATG7
mRNA and ATG7 protein levels. ATG7 mRNA expression was increased in NASH compared with SS,
while ATG7 protein abundance was enhanced in NASH compared with NL. ATG7 mRNA correlated
negatively with the expression of some hepatic lipid metabolism-related genes and positively with
endocannabinoid receptors, adiponectin hepatic expression, and omentin levels. These results suggest
that ATG7-mediated autophagy may play an important role in the pathogenesis of NAFLD, especially
in NASH, perhaps playing a possible protective role. However, this is a preliminary study that needs
to be further studied.
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1. Introduction

The global incidence of nonalcoholic fatty liver disease (NAFLD) is estimated to be
25%, which has been increasing in recent years in parallel with the obesity epidemic. Thus,
NAFLD has become the most prevalent chronic liver disease worldwide [1]. NAFLD and
metabolic syndrome are highly related since obesity and type 2 diabetes mellitus (T2DM),
two metabolic syndrome comorbidities, are the main risk factors for NAFLD [2]. In this
sense, NAFLD incidence in patients presenting morbid obesity (MO) can be as high as 90%,
whereas it is approximately 70% in diabetic subjects [3,4].

The most important problem of NAFLD, from the hepatic point of view, is simple
steatosis (SS), excess fat accumulated in the liver in >5% of hepatocytes; although it can be
reversible and can evolve into nonalcoholic steatohepatitis (NASH), fibrosis, and cirrhosis,
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which are major causes of liver transplantation [5,6]. Given that NASH can be accompanied
by fibrosis, the main risk factor for mortality due to hepatic causes of NAFLD [7], in
recent years, there has been significant research into therapies aimed at controlling NASH.
However, no Food and Drug Administration (FDA)-approved NAFLD-specific medications
are currently available [8]. For this reason, it is very important to insist on the study of the
pathogenic mechanisms involved in the progression of NAFLD/NASH to demonstrate
possible therapeutic targets.

During NAFLD development, multiple cellular interactions occur in hepatic tissue
involving hepatocytes, hepatic stellate cells (HSCs), and macrophages or Kupffer cells
(KCs) [9,10]. On the one hand, the steatosis process leads to lipotoxicity in hepatocytes,
which secrete exosomes to activate HSCs [11]. On the other hand, a high-fat diet (HFD),
obesity, and NAFLD itself are related to the presence of intestinal dysbiosis. Dysbiosis
involves a change in the gut microbiome that induces an increase in intestinal barrier
permeability, which permits the transfer of bacterial endotoxins to the liver through portal
vein circulation [12]. Once in the liver, endotoxins activate KCs and promote the release
of proinflammatory cytokines, such as interleukin (IL)-6, IL-1, the tumor necrosis factor
(TNF)-α, and profibrotic mediators, such as the transforming growth factor (TGF)-β [13],
which activate HSCs.

Autophagy is an intracellular degradation system of damaged organelles and mis-
folded proteins that is important for the maintenance of cell homeostasis. Autophagy
inhibits apoptosis and promotes cell survival. The dysregulation of autophagy is associ-
ated with the development of metabolic syndrome, hepatic disorders, some pulmonary,
renal, and infectious diseases, cardiovascular disease, neurodegenerative disorders, and
cancer [14,15]. Recently, autophagy has been reported to be involved in the degradation of
lipid droplets in hepatocytes [16]. In this regard, a potential protective role of this process
in fatty liver diseases could be suggested since autophagy in hepatocytes has been shown
to be suppressed in NAFLD [17]. For instance, Tanaka et al. stated that this process is
suppressed in the liver via the induction of the autophagy-inhibiting protein Rubicon [18].
On the other hand, hepatic nonparenchymal cells, including KCs and HSCs, may also use
autophagy to maintain their homeostasis or function, thus affecting proinflammatory and
profibrotic responses in NAFLD progression [19].

Given the suggested beneficial role that autophagy seems to have in NAFLD pathogen-
esis and given that there is not yet a specific drug approved by regulatory agencies to treat
this hepatic disorder, drugs involving the autophagy system have begun to be investigated
for the treatment of NAFLD [8,20–22]. In a recent study in animal models, it was suggested
that the endocannabinoid system, which is known to be implicated in the pathogenesis of
NAFLD, might mediate its role through autophagy mechanisms [23]. In addition, recent
findings on the precise mechanism of autophagy regulation in NAFLD have demonstrated
that several molecules, such as cluster of differentiation 36, leucine aminopeptidase 3,
and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike protein, act as
negative regulators of autophagy. However, thyroid hormone, hydrogen sulfide, melatonin,
DA-1241 (a novel G protein-coupled receptor 119 agonist), vacuole membrane protein 1,
nuclear factor erythroid 2-related factor 2, sodium glucose cotransporter type-2 inhibitors,
immunity-related GTPase-M, and autophagy-related gene 7 (ATG7) induce autophagy [24].

Specifically, the ATG7 gene encodes an E1-like activating enzyme that is essential for
autophagy and the transport of cytoplasmic vacuoles. The encoded protein is thought
to modulate p53-dependent cell cycle pathways during prolonged metabolic stress. Its
action has been associated with multiple functions, including axon membrane traffick-
ing, axonal homeostasis, mitophagy, adipose differentiation, and hematopoietic stem cell
maintenance [25].

Recently, in a study that sequenced the complete exosome of 310 patients with NAFLD,
rare mutations in the ATG7 gene were found. These mutations lead to an increased risk of
developing severe liver disease in patients with dysfunctional metabolism. Additionally,
these mutations caused an alteration in protein function, inducing impairment of cellular
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content self-renewal and leading to liver damage and inflammation [26]. On the other hand,
a study in skeletal muscle-specific Atg7 knockout mice exhibited reduced lipid accumula-
tion and increased oxidation-related gene expression. In addition, HFD-fed Atg7 knockout
mice presented decreased expression of hepatic lipogenic genes and were protected against
diet-induced obesity and insulin resistance [27]. In this context, although ATG7, a main
regulator of autophagy, seems to play a protective role in NAFLD pathogenesis (Figure 1),
this mechanism remains unclear and needs to be further studied.
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Figure 1. Role of ATG7 in autophagy process and in the context of metabolic-associated fatty liver
(NAFLD) progression. ATG, autophagy-related gene protein.

Therefore, in the present study, we wanted to explore the role of ATG7 in NAFLD
associated with obesity by studying the ATG7 mRNA and the protein expression of ATG7 in
the liver of normal-weight subjects (the control group) and a cohort with MO and different
degrees of liver involvement. In addition, we investigated the association between the
hepatic mRNA expression of ATG7 and the main lipid metabolism-related genes and some
pro- and anti-inflammatory molecules in the context of NAFLD.

2. Results
2.1. Baseline Characteristics of Subjects

According to their body mass index (BMI), women were divided into two groups:
those who had a normal weight (NW, BMI < 25 kg/m2, n = 6) and those who presented MO
(BMI ≥ 40 kg/m2, n = 72). Then, subjects with MO were subclassified in accordance with
the hepatic histology as normal liver (NL, n = 11), SS (n = 29), and NASH (n = 32). Table 1
shows the cohort’s clinical characteristics and biochemical measurements. The groups
were comparable in terms of glycosylated hemoglobin (HbA1c), cholesterol, high-density
lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), aspartate-
aminotransferase (AST), alanine-aminotransferase (ALT), gamma-glutamyltransferase
(GGT), and alkaline phosphatase (ALP). In the analysis, we found that the group with
NW, apart from having a lower weight and BMI, also had lower insulin levels than the
MO group; in addition, we reported a lower value for the homeostatic model assessment
method–insulin resistance (HOMA1-IR) in NW subjects compared to the SS and NASH
groups. Then, increased levels of triglycerides (TGs) in the SS group in comparison with NL
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patients were reported, and we observed enhanced levels of systolic blood pressure (SBP),
diastolic blood pressure (DBP), and glucose in NASH subjects compared to NL subjects.
Finally, we found that DBP levels were enhanced in NASH compared to SS subjects.

Table 1. Anthropometric and biochemical variables of women in the studied cohort.

MO (n = 72)

Variables NW (n = 6) NL (n = 11) SS (n = 29) NASH (n = 32)

Weight (kg) 63.00 (58.00–69.00) 121.50 (107.00–130.00) * 124.00 (112.00–136.00) * 120.00 (109.90–137.20) *
BMI (kg/m2) 22.94 (19.93–25.00) 44.46 (49.56–42.60) * 46.36 (43.58–50.95) * 46.28 (43.26–51.04) *
SBP (mmHg) 110.00 (108.00–128.00) 125.00 (109.75–138.25) 130.00 (117.00–141.25) 130.00 (119.00–144.00) *$
DBP (mmHg) 70.00 (67.50–72.00) 68.00 (58.00–78.00) 70.00 (61.00–80.00) 73.00 (63.50–86.00) $#
HOMA1-IR 1.50 (0.99–2.23) 2.96 (1.92–6.46) 4.28 (2.83–6.88) * 3.95 (2.58–10.70) *

Glucose (mg/dL) 84.5 (72.6–96.12) 97.11 (86.84–116.38) 108.10 (92.60–139.08) 132.06 (102.51–187.73) *$
Insulin (mUI/L) 6.41 (4.67–9.56) 13.01 (8.60–25.13) * 14.93 (10.25–27.23) * 18.91 (8.46–52.87) *

HbA1c (%) 4.45 (4.30–4.90) 5.20 (4.75–5.63) 5.60 (5.00–6.15) 5.30 (5.00–6.55)
TG (mg/dL) 123.50 (74.89–245.25) 136.00 (104.50–177.75) 188.00 (144.75–238.50) $ 153.00 (119.50–197.50)

Cholesterol (mg/dL) 181.00 (134.18–197.60) 178.80 (145.45–195.75) 171.35 (154.85–189.55) 183.80 (153.50–203.00)
HDL-C (mg/dL) 40.50 (35.75–45.75) 39.50 (31.90–47.50) 37.10 (33.88–47.00) 40.00 (33.00–42.00)
LDL-C (mg/dL) 90.45 (76.48–129.40) 103.50 (86.28–123.75) 100.50 (79.15–124.55) 93.50 (83.50–128.60)

AST (UI/L) 27.50 (21.75–46.00) 36.00 (21.00–45.00) 26.00 (21.50–37.00) 40.50 (23.75–57.25)
ALT (UI/L) 19.00 (16.00–70.00) 33.00 (21.50–49.50) 29.00 (21.00–41.00) 34.00 (24.25–67.25)
GGT (UI/L) 37.00 (12.00–131.00) 19.00 (14.00–29.50) 22.50 (17.00–33.25) 26.00 (15.00–68.40)
ALP (Ul/L) 72.00 (68.50–112.50) 63.50 (50.00–73.50) 66.50 (54.00–76.00) 64.00 (55.00–77.00

MO, morbid obesity; NW, normal weight; NL, normal liver; SS, simple steatosis; NASH, nonalcoholic steatohep-
atitis; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; HOMA1-IR, homeostatic
model assessment method–insulin resistance; HbA1c, glycosylated hemoglobin; TG, triglycerides; HDL-C, high-
density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; AST, aspartate aminotransferase; ALT,
alanine aminotransferase; GGT, gamma-glutamyltransferase; ALP, alkaline phosphatase. Data are expressed as
the median (interquartile range). * Significant differences between the NW group and the other groups (p < 0.05).
$ Significant differences between the NL cohort and the other groups (p < 0.05). # Significant differences between
the SS patients and the other women (p < 0.05).

2.2. Evaluation of the Relative mRNA and Protein Expressions of Hepatic ATG7 According to BMI

Since ATG7 has been reported to play a key role in autophagy and this process is
known to aid in the removal of lipid droplets in the liver, we evaluated ATG7 expression in
liver samples in a cohort of women with or without MO presenting different degrees of
hepatic involvement.

First, we analyzed the hepatic relative ATG7 mRNA and ATG7 protein expression in a
cohort that was classified according to whether they presented NW or MO. In this analysis,
we did not find significant differences between groups (Figure 2A,B).
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Figure 2. Differential relative ATG7 mRNA (A) and ATG7 protein (B) abundance in liver samples
between women with NW and MO. mRNA expression analysis: NW (n = 6) and MO (n = 72);
and protein expression analysis: NW (n = 5) and MO (n = 16). NW, normal weight; MO, morbid
obesity; ATG7/ATG7, autophagy-related 7 gene/protein; A.U, arbitrary units; D.U, densitometry
units. Differences between groups were calculated using the Mann–Whitney test and p < 0.05 was
considered statistically significant.
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2.3. Evaluation of the Relative mRNA and Protein Expressions of Hepatic ATG7 According to
Liver Histology

Then, we wanted to evaluate the relative hepatic ATG7 mRNA and ATG7 protein
expression when subjects were divided based on NAFLD or NASH presence. Regarding
the cohort classified by the presence or absence of NAFLD, we did not observe significant
differential expression between groups, neither in the mRNA analysis nor in the protein
analysis (Figure 3A,B). However, we found higher levels of hepatic ATG7 mRNA and
ATG7 protein expression in the NASH cohort than in non-NASH patients (Figure 3C,D,
respectively).
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Figure 3. Differential relative ATG7 mRNA (A) and ATG7 protein (B) abundance in hepatic tissue
between women classified according to the presence or the absence of NAFLD. Differential relative
ATG7 mRNA (C) and ATG7 protein (D) abundance between women classified according to the
presence or the absence of NASH. mRNA expression analysis: non-NAFLD (n = 17), NAFLD
(n = 61), non-NASH (n = 46), and NASH (n = 32); and protein expression analysis: non-NAFLD
(n = 10), NAFLD (n = 11), non-NASH (n = 15), and NASH (n = 6). ATG7/ATG7, autophagy-related
7 gene/protein; NAFLD, metabolic associated fatty liver disease; NASH, nonalcoholic steatohepatitis;
A.U arbitrary units; D.U, densitometry units. Differences between groups were calculated using the
Mann–Whitney test and p < 0.05 was considered statistically significant.

Later, we subclassified the patients with MO according to their hepatic histopathologi-
cal degree into NL, SS, or NASH, to explore the main topic of this study, the role of ATG7 in
NAFLD stages. In this sense, we observed higher expression of ATG7 mRNA in the NASH
group than in the SS cohort, as shown in Figure 4A. In addition, we reported enhanced
expression of ATG7 protein in NASH subjects compared to NW women (Figure 4B).
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2.4. Evaluation of the Relative mRNA and Protein Expressions of Hepatic ATG7 According to
NASH-Related Parameters

Since our previous results demonstrated a higher expression of ATG7/ATG7 in NASH,
we wanted to focus the analysis on the main parameters related to this advanced stage of
NAFLD, such as portal and lobular inflammation, and hepatocellular ballooning. In this
regard, we observed an increase in ATG7 mRNA and ATG7 protein expression in patients
presenting inflammation compared to those without inflammation (p = 0.017 and p = 0.039,
respectively).

Then, when we classified inflammation as portal or lobular, we reported an enhanced
hepatic ATG7 mRNA and ATG7 protein expression in patients with mild lobular inflam-
mation compared to those with no inflammation (p = 0.024 and p = 0.015, respectively).
Concerning other NASH-related parameters, such as hepatic ballooning or portal inflam-
mation, we did not observe differential expression of ATG7/ATG7 between groups.

2.5. Evaluation of the Relative mRNA and Protein Expressions of ATG7 According to
NAFLD Comorbidities

Since autophagy mediated by ATG7 is often disrupted in metabolic dysfunction, we
wanted to study hepatic ATG7 mRNA and ATG7 protein expression in patients classified
according to the presence of comorbidities associated with NAFLD (dyslipidemia, T2DM,
hypertension, and metabolic syndrome) other than obesity. In this sense, we only found
higher ATG7 mRNA expression in the presence of dyslipidemia (p = 0.005) but not in the
protein analysis. Nevertheless, we did not find significant differences concerning the other
NAFLD comorbidities.

2.6. Correlations between Relative mRNA and Protein Expressions of Hepatic ATG7, with Clinical
and Biochemical-Related Parameters

Finally, to deepen our understanding of ATG7 in NAFLD associated with obesity, we
examined its relationships with the levels of several clinical parameters and metabolic and
inflammatory mediators. Regarding ATG7 mRNA expression, we found a negative correla-
tion with the hepatic mRNA expression of carnitine palmitoyl transferase deficiency-type
1 (CPT1a), liver X receptor alpha (LXRα), and retinol transporter protein type 4 (RBP4).
However, we observed a positive correlation between the mRNA expression of cannabi-
noid receptors (CB1 and CB2) and adiponectin. All of these correlations are graphically
represented in Figure 5A–F. Unfortunately, we did not report significant associations with
other hepatic lipid metabolism-related genes, such as sterol regulatory element-binding
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protein 1c (SREBP1c), fatty acid synthase (FAS), fatty acid-binding proteins (FABP), or with
other pro- and anti-inflammatory ILs.
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(C) RBP4, (D) CB1, (E) CB2, and (F) adiponectin hepatic expression using Spearman’s (rho) correlation
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3. Discussion

In the present study, we explored the role of ATG7 in the pathogenesis of NAFLD by
evaluating the hepatic ATG7 mRNA and ATG7 protein expression in a cohort of patients
with NAFLD associated with MO using NW subjects and MO individuals, with NL as
control groups. In addition, we analyzed whether there is any association between the
hepatic expression of ATG7 and the main lipid metabolism-related genes and inflammatory
mediators.

The main results of this study are that ATG7 mRNA and ATG7 protein hepatic expres-
sions do not differ between patients with NW and patients presenting MO, nor among
patients with NL or with NAFLD. However, patients with NASH presenting hepatic inflam-
mation had higher ATG7 mRNA and ATG7 protein expression in the liver than non-NASH
patients. In addition, hepatic ATG7 mRNA expression was enhanced in the NASH group
compared with the SS group. Meanwhile, ATG7 protein abundance was increased in the
NASH group compared with the NW group. Moreover, hepatic ATG7 mRNA expression
was increased in patients with dyslipidemia. On the other hand, we found that ATG7
mRNA hepatic expression correlates negatively with the expression of some hepatic lipid
metabolism-related genes (CPT1a, LXRα, and RBP4) and positively with CB1, CB2, and
adiponectin hepatic expression.
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For our first finding, the hepatic expression of ATG7 was not different depending on
the presence of obesity. Regarding the expression of autophagy genes in adipose tissue
in relation to the presence of obesity, there is controversy. On the one hand, Soussi et al.
found reduced autophagy-related gene expression in adipocytes from obese patients [28].
In contrast, many authors have stated that several autophagic genes, including ATG7,
are upregulated in adipocytes from subjects with obesity [29]. However, in the present
study, we evaluated ATG7 expression in liver tissue according to obesity and did not find
significant differences. In this case, there are no previous reports comparing this result. It
has been suggested that lipid droplets or Mallory–Denk bodies accumulated in the liver
could be substrates for autophagy lysosomes [30–32], and at the same time, autophagy tries
to protect the liver against this damage [16]. Hence, ATG7-mediated autophagy seems to
be influenced by liver involvement and not by obesity.

In addition, it is important to note that our patients with MO underwent a very low-
calorie diet recommended before bariatric surgery [33]. Previously, it was reported in mouse
models that an HFD induces an impairment of autophagy processes [17,34]. Therefore, the
strict hypocaloric diet that our patients underwent could interfere with the evaluation of
ATG7-mediated autophagy in the liver. In this line, it was stated that autophagy could be
induced by starvation conditions [35]. Moreover, Camargo et al. demonstrated an increase
in adipose tissue ATG7 expression after a diet rich in monounsaturated fats, suggesting
that autophagy processes in adipose tissue may be modified by diet [36]. Perhaps a similar
phenomenon can occur in liver tissue.

Later, we evaluated ATG7 mRNA and ATG7 protein expression in the liver according
to the presence of NAFLD. We did not find differential expression of ATG7 when the cohort
was classified by the presence or absence of NAFLD. However, we found that ATG7 mRNA
and ATG7 protein expression levels were increased in patients presenting NASH compared
to non-NASH subjects. In this regard, Singh et al. found that deletion of the Atg7 gene
in the liver of mice models increases hepatic fat content, mimicking NAFLD conditions.
Thus, these authors suggested that blocking autophagy promotes hepatocellular lipid
accumulation [16]. Furthermore, González-Rodríguez et al. demonstrated that hepatic
autophagy is inhibited in NAFLD and NASH patients [17]. Thus, the increase in ATG7
in our NASH patients is contradictory to the few existing previous references, although
it could be due to an attempt by the liver to repair liver damage through ATG7-mediated
autophagy, which has been shown to eliminate excess lipids by degradation [30]. However,
this is a preliminary result and would need to be validated.

Due to the previous findings, we classified our cohort in accordance with the hepatic
histopathological classification to further evaluate the ATG7 implication in the pathogen-
esis of NAFLD. In this regard, hepatic ATG7 mRNA and ATG7 protein expression were
enhanced in the NASH cohort compared with the SS and NW groups, respectively. This
result reinforces our hypothesis, which suggests that ATG7-mediated autophagy could
play a protective role in NAFLD, specifically in the NASH stage. In this sense, Hadavi et al.
reported that the induction of autophagy gene expression through nutritional strategies
could be useful to ameliorate a fatty liver [37].

Then, we examined the relationship between ATG7 and NASH by analyzing it accord-
ing to the presence of NASH-related parameters, such as portal and lobular inflammation
and hepatocellular ballooning. We observed an increase in hepatic ATG7 mRNA and ATG7
protein expression when the cohort was classified according to the presence of global
inflammation in the liver. Specifically, we found higher ATG7 mRNA and ATG7 protein
expression in women with mild lobular inflammation than in those without it. Some studies
have reported that autophagy inhibits inflammation in cancerous processes [38,39]. Consis-
tent with these studies, Baselli et al. reported that ATG7 loss-of-function variants affected
autophagy by facilitating inflammation and ballooning, two NASH characteristics [26].
These findings lead us to suppose that this potential protective role that ATG7-mediated
autophagy could play in NAFLD can be also related to an attempt to prevent the inflam-
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mation that occurs in NASH [26,40]. However, more studies are needed to confirm these
hypotheses.

Consequently, we studied the relationship between hepatic ATG7 mRNA and ATG7
protein expressions, and the presence of NAFLD comorbidities, such as dyslipidemia, type
2 diabetes mellitus, hypertension, and metabolic syndrome [41]. We only found higher
hepatic expression of ATG7/ATG7 in patients presenting dyslipidemia than in the cohort
that did not present it. Dyslipidemia can affect hepatic fatty accumulation [42]. Thus, our
finding is consistent with the fact that ATG7 is an essential gene for autophagy, which is a
homeostatic process [43]. Since subjects with dyslipidemia are more likely to have a greater
accumulation of fat in the liver [42], in line with our previous results, it makes sense that
autophagy is more induced in these patients, leading to the degradation of lipid droplets
through lipophagy [44]. Therefore, the fact that the hepatic expression of ATG7 is increased
in people with dyslipidemia could be because ATG7 is trying to regulate the impact of lipid
imbalance in the liver.

Finally, we evaluated the association between ATG7 expression and other parameters
related to NAFLD. Here, we found an inverse relationship between the hepatic mRNA
expression of ATG7 and the mRNA expression of some of the main lipid metabolism-related
genes (LXRα, CPT1a, and RBP4). LXR is a crucial regulator of free fatty acid and cholesterol
metabolism. It encourages de novo lipogenesis, reduces LDL catabolism, and induces
hepatic steatosis [45]. On the other hand, CPT1a is a protein involved in the activation and
transport of fatty acids into the mitochondria for β-oxidation [46]. Meanwhile, RBP4 is a
member of the lipocalin family and the primary vitamin A that transports proteins in the
blood. The liver, which hosts most of the body’s vitamin A reserves, exhibits significant
levels of RBP4 expression [47]. On the one hand, Byrnes et al. described that autophagy
plays a central role in lipid metabolism, regulating free fatty acid and triglyceride synthesis
at the transcriptional level. In this sense, given that LXRα functions as a transcriptional
regulator of cholesterol metabolism, induces de novo lipogenesis and gluconeogenesis, and
is highly expressed in the liver, intestine, and fatty tissues [48–50], the negative association
that we found with hepatic ATG7 could make sense since this last gene is an autophagy
regulator that aims to eliminate intrahepatic lipids, while LXRα has the opposite role by
participating in hepatic lipogenesis. In addition, Kim et al. stated the inhibition of liver
autophagy due to the activation of the hepatic LXRα [51]. On the other hand, Takahashi
et al. reported that induction of autophagy in livers from mouse models degrades the
inhibitor of LXRα, promoting its action [52]. In this regard, this association needs to be
studied in depth.

Concerning CPT1a, which induces fatty acid oxidation and autophagy in the liver [53],
the negative association with the hepatic expression of ATG7, one of the main mediators of
autophagy, is logical since autophagy was found to be increased in our NASH patients, the
stage when fatty acid oxidation might be inhibited [54]. However, it was found that CPT1a
activation induces, at the same time, fatty acid oxidation and autophagy mechanisms. In
this last-mentioned study, they evaluated mice models under HFD conditions [53], which
could explain this contradiction against our human participants under a very low-calorie
diet. In any case, this association also needs to be investigated.

Regarding RBP4, some studies have shown that deficiencies in vitamin A metabolism,
involving RBP4, might contribute to NASH development [55,56]. In this sense, we found a
negative correlation between liver ATG7 expression and RBP4. Although RBP4 expression
in adipose tissue has been shown to induce hepatic steatosis by promoting lipolytic path-
ways, RBP4 expression in the liver is not so closely related to fat accumulation itself and is
more involved in the synthesis of the retinoid complex [47,57]. The negative association
found in our study may be because RBP4 synthesis in hepatocytes [56] could be disrupted
due to inflammation and ballooning of NASH conditions [58], specifically at the stage
where ATG7-mediated autophagy is increased in our work.

Another novelty of our study is the positive relationship between ATG7 and endo-
cannabinoid receptor expression. The endocannabinoid system has been linked to NAFLD
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previously, including by our group. Specifically, we observed that CB1 increased its expres-
sion in NASH and that CB2 was related to inflammation [59]. Confirming these findings,
Osei-Hyiaman et al., through an experimental study, showed that an HFD induces fatty
liver mainly through the activation of hepatic CB1 receptors, and these receptors are nec-
essary for the development of diet-induced steatosis, dyslipidemia, insulin, and leptin
resistance. In addition, the CB2 receptor has been shown to play a role in modulating
hepatic inflammation in a variety of studies [60–63]. Moreover, in the field of embryonic
growth, activation of the endocannabinoid system has been shown to induce autophagy
processes [23]. Therefore, the positive association between the hepatic expression of ATG7
and endocannabinoid receptors is consistent with other authors since ATG7 in NASH was
increased in our study.

Finally, when we studied the correlation of hepatic expression of ATG7 with pro-
and anti-inflammatory molecules, we found a positive correlation with the expression
of adiponectin in the liver. Adiponectin is inversely related to insulin resistance, lipid
accumulation, and hepatic inflammation; it is considered an adipokine with a protective
role in NAFLD [64,65]. In this sense, the positive correlation between adiponectin and
hepatic expression of ATG7 makes sense since we propose, in accordance with the obtained
results, a potential protective role of ATG7-mediated autophagy in NAFLD.

This study has allowed us to evaluate the role of ATG7, the main mediator of au-
tophagy, in NAFLD. In this case, we have found an increase in its expression in the most
advanced stages of the disease, which contradicts the few existing previous studies and,
therefore, we have proposed a possible protective effect of ATG7-mediated autophagy in
the liver of our patients who, in addition to presenting NAFLD, have MO and followed a
very restrictive calorie diet prior to bariatric surgery. However, we studied a cohort made
up of only women, and NAFLD was associated with MO. In addition, whereas our MO
subjects underwent a very low-calorie diet, the control group (lean subjects) followed a free
diet. In this regard, our results cannot be extrapolated to men, NAFLD patients without
obesity, or those having a free diet. Thus, these findings are preliminary and need to be
further validated in other cohorts.

4. Material and Methods
4.1. Participants

The study was approved by the institutional review board (Institut Investigació
Sanitària Pere Virgili CEIm (Comité Ético de Investigación con medicamentos, Drug Re-
search Ethics Committee in English): 23c/2015), and all participants gave written informed
consent. The study population consisted of 6 NW women (BMI < 25 kg/m2) and 72 women
with MO (BMI ≥ 40 kg/m2). Liver biopsy specimens were obtained during planned laparo-
scopic cholecystectomy or bariatric surgery. All liver biopsies were indicated for clinical
diagnosis. The exclusion criteria were as follows: (1) individuals who had alcohol con-
sumption higher than 10 g/d; (2) patients who had acute or chronic hepatic, inflammatory,
infectious, or neoplastic diseases; (3) menopausal women or women using contraceptives
to avoid the interference of hormones that can cause biases in glucose and lipid metabolism,
as well as in cytokine determinations; (4) women with T2DM receiving pioglitazone or
insulin; and (5) patients treated with antibiotics in the previous 4 weeks.

4.2. Hepatopathological Diagnosis

Liver samples were scored and classified by an experienced hepatopathologist, accord-
ing to Brunt’s criteria [66,67], using hematoxylin, eosin, and Masson’s trichrome stains. In
this regard, women with MO were classified into NL (n = 11) and NAFLD (n = 61) groups,
and these latter women were subclassified into SS (micro/macrovesicular steatosis without
inflammation or fibrosis, n = 29) and NASH (Brunt grades 1–2, n = 32) subgroups. None of
the NW subjects presented alterations in hepatic tissue. None of the patients with NASH in
our cohort presented fibrosis.
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4.3. Biochemical Analysis

Physical, anthropometric, and biochemical evaluations were performed on all the
studied cohorts. Blood samples were extracted through a BD Vacutainer® (BD IBERIA S.L.,
Madrid, Spain) system by specialized nurses after overnight fasting and before surgery.
Venous blood samples were obtained in tubes with or without ethylenediaminetetraacetic
acid, which were separated into plasma and serum aliquots by centrifugation (1507 relative
centrifugal force (RCF), 4 ◦C, 15 min). A conventional automated analyzer was used
to analyze biochemical parameters. Insulin resistance was estimated using HOMA1-IR.
Cytokines, such as IL-1β, IL-6, IL-8, IL-10, IL-17, TNF-α, and omentin, were determined
using multiplex sandwich immunoassays and the MILLIPLEX MAP Human Adipokine
Magnetic Bead Panel 1 (HADK1MAG-61K, Millipore, Billerica, MA, USA), the MILLIPLEX
MAP Human High-Sensitivity T-Cell Panel (HSTCMAG28SK, Millipore, Billerica, MA,
USA), and the Bio-Plex 200 (Merck-Millipore-Life Science, Madrid, Spain) instruments,
according to the manufacturer’s instructions. All these analyses were assessed at the Center
for Omic Sciences (Rovira i Virgili University-Eurecat).

4.4. Hepatic mRNA Expression

Hepatic samples were collected during elective cholecystectomy or bariatric surgery
and kept in tubes with RNAlater® (#R0901, Sigma-Aldrich) (Sigma, Barcelona, Spain)
at 4 ◦C. The samples were then processed and stored at −80 ◦C. An RNeasy mini kit
(Qiagen Iberia S.L., Barcelona, Spain) was used to extract total RNA from the liver. Reverse
transcription to cDNA was performed with the High-Capacity RNA-to-cDNA Kit (Applied
Biosystems, Madrid, Spain). Real-time quantitative PCR was carried out with the TaqMan
Assay predesigned by Applied Biosystems for the detection of ATG7 (Hs00893766_m1)
mRNA in the liver. We also evaluated the mRNA of some hepatic lipid metabolism-related
genes, such as SREBP1c (Hs01088691_m1), LXRα (Hs00173195_m1), FAS (Hs00188012_m1),
CPT1a (Hs00912671_m1), and RBP4 (Hs00924047_m1), and endocannabinoid receptors,
such as CB1 (Hs01038522_s1), CB2 (Hs05019229_s1), and adiponectin (Hs00977214_m1).
The expression of each gene was calculated and standardized to the mRNA expression of
18S RNA (Fn04646250_s1) after they were normalized using the control group (NW) as a
reference. All reactions were duplicated in 96-well plates using the QuantStudio™ 7 Pro
Real-Time PCR System (Applied Biosystem, Foster City, CA, USA).

4.5. Western Blot Analysis

Protein levels were evaluated in a subgroup of 21 subjects (16 MO women (5 with
NL, 5 with SS, and 6 with NASH) and 5 NW subjects with NL), for whom enough tissue
was available. Liver samples were homogenized in a medium containing 50 mM HEPES,
150 mM NaCl, 1 mM DTT, 0.1% SDS, and 1% protease inhibitor cocktail (Thermo Scientific,
Madrid, Spain). Protein concentrations were determined by using a BCA assay kit (Thermo
Scientific, Madrid, Spain). For Western blot analysis, equal amounts of protein (50 µg)
were separated by SDS/PAGE (7% acrylamide) and transferred onto nylon membranes.
Nonspecific binding was blocked by preincubation of the membranes with 5% (w/v) nonfat
milk powder in 0.1% PBS-Tween for 1 h. Specific protein expression was detected by
incubating with rabbit anti-ATG7 (Fisher Scientific SL, Madrid, Spain) antibody overnight
at 4 ◦C, followed by incubation with an anti-rabbit IgG (GE Healthcare, Freiburg, Germany)
antibody for 2 h at room temperature and developed with SuperSignal West Pico Chemilu-
minescent or SuperSignal Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific,
Waltham, MA, USA). The density of specific bands was determined by densitometry and
quantified by Phoretix 1D software from TotalLab. The expression patterns of all proteins
were normalized to GAPDH (Thermo Fisher Scientific, Waltham, MA, USA) and β-actin
(Sigma-Aldrich, Darmstadt, Germany) liver expression.
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4.6. Statistical Analysis

The data were analyzed using the SPSS/PC+ for Windows statistical package (ver-
sion 27.0; SPSS, Chicago, IL, USA). The distribution of variables was obtained using the
Kolmogorov–Smirnov test. All results are expressed as the median and the interquartile
range (25th–75th). The different comparative analyses were performed using a nonpara-
metric Mann–Whitney U test or a Kruskal–Wallis test, according to the presence of two or
more groups. The coefficient of correlation (rho) between variables was calculated using
Spearman’s method. p-values < 0.05 were considered statistically significant. Graphics
were made using GraphPad Prism software (version 7.0; GraphPad, San Diego, CA, USA).

5. Conclusions

Although autophagy has been demonstrated in several studies to be inhibited in
the development of NAFLD, in the present work, we found increased ATG7 mRNA and
ATG7 protein expression in NASH. These findings could suggest that ATG7-mediated
autophagy could play a protective role in NASH, trying to counteract lipid accumulation
and inflammation. However, more studies are needed to validate our hypothesis and
preliminary results.

Author Contributions: Conceptualization, T.A., A.B.-R., M.R. and C.R.; methodology, A.B.-R., M.R.,
L.B. and C.A.; software, T.A., A.B.-R. and M.R.; validation, T.A., L.B., C.A., S.M., D.P. and D.R.; formal
analysis, A.B.-R., M.R., L.B. and T.A.; investigation, T.A., A.B.-R., M.R., L.B., C.A., S.M., D.P., M.V.,
F.S., D.R., D.D.C. and C.R.; resources, S.M., D.P., M.V., F.S. and D.D.C.; data curation, T.A., A.B.-R.,
M.R. and L.B.; writing—original draft preparation, A.B.-R., M.R. and L.B.; writing—review and
editing, T.A., A.B.-R., M.R., L.B. and C.R.; visualization, T.A., A.B.-R., M.R. and L.B.; supervision, T.A.
and C.R.; project administration, T.A.; funding acquisition, T.A. and C.R. All authors have read and
agreed to the published version of the manuscript.

Funding: This study has been funded by funds from Agència de Gestió d’Ajuts Universitaris de
Recerca (AGAUR 2017 SGR 357 to Cristóbal Richart), the Grup de Recerca en Medicina Aplicada
URV (2016 PFR-URV-B2-72 to Cristóbal Richart), the Investigador actiu Program from the URV
(2021-10-837-AUGUET to Teresa Auguet).

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of Institut
Investigació Sanitària Pere Virgili (IISPV) (CEIm; 23c/2015; 11 May 2015).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data is unavailable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Younossi, Z.M.; Koenig, A.B.; Abdelatif, D.; Fazel, Y.; Henry, L.; Wymer, M. Global Epidemiology of Nonalcoholic Fatty Liver

Disease-Meta-Analytic Assessment of Prevalence, Incidence, and Outcomes. Hepatology 2016, 64, 73–84. [CrossRef]
2. Chalasani, N.; Younossi, Z.; Lavine, J.E.; Charlton, M.; Cusi, K.; Rinella, M.; Harrison, S.A.; Brunt, E.M.; Sanyal, A.J. The Diagnosis

and Management of Nonalcoholic Fatty Liver Disease: Practice Guidance from the American Association for the Study of Liver
Diseases. Hepatology 2018, 67, 328–357. [CrossRef]

3. Younossi, Z.; Anstee, Q.M.; Marietti, M.; Hardy, T.; Henry, L.; Eslam, M.; George, J.; Bugianesi, E. Global Burden of NAFLD and
NASH: Trends, Predictions, Risk Factors and Prevention. Nat. Rev. Gastroenterol. Hepatol. 2018, 15, 11–20. [CrossRef]

4. Dai, W.; Ye, L.; Liu, A.; Wen, S.W.; Deng, J.; Wu, X.; Lai, Z. Prevalence of Nonalcoholic Fatty Liver Disease in Patients with Type 2
Diabetes Mellitus: A Meta-Analysis. Medicine 2017, 96, e8179. [CrossRef]

5. Goldberg, D.; Ditah, I.C.; Saeian, K.; Lalehzari, M.; Aronsohn, A.; Gorospe, E.C.; Charlton, M. Changes in the Prevalence of
Hepatitis C Virus Infection, Nonalcoholic Steatohepatitis, and Alcoholic Liver Disease Among Patients With Cirrhosis or Liver
Failure on the Waitlist for Liver Transplantation. Gastroenterology 2017, 152, 1090–1099.e1. [CrossRef]

6. Mittal, S.; El-Serag, H.B.; Sada, Y.H.; Kanwal, F.; Duan, Z.; Temple, S.; May, S.B.; Kramer, J.R.; Richardson, P.A.; Davila, J.A.
Hepatocellular Carcinoma in the Absence of Cirrhosis in United States Veterans Is Associated With Nonalcoholic Fatty Liver
Disease. Clin. Gastroenterol. Hepatol. 2016, 14, 124–131.e1. [CrossRef]

http://doi.org/10.1002/hep.28431
http://doi.org/10.1002/hep.29367
http://doi.org/10.1038/nrgastro.2017.109
http://doi.org/10.1097/MD.0000000000008179
http://doi.org/10.1053/j.gastro.2017.01.003
http://doi.org/10.1016/j.cgh.2015.07.019


Int. J. Mol. Sci. 2023, 24, 1324 13 of 15

7. Maya-Miles, D.; Ampuero, J.; Gallego-Durán, R.; Dingianna, P.; Romero-Gómez, M. Management of NAFLD Patients with
Advanced Fibrosis. Liver Int. 2021, 41 (Suppl. 1), 95–104. [CrossRef]

8. Xu, Z.; Hu, W.; Wang, B.; Xu, T.; Wang, J.; Wei, D. Canagliflozin Ameliorates Nonalcoholic Fatty Liver Disease by Regulating
Lipid Metabolism and Inhibiting Inflammation through Induction of Autophagy. Yonsei Med. J. 2022, 63, 619. [CrossRef]

9. Duarte, N.; Coelho, I.C.; Patarrão, R.S.; Almeida, J.I.; Penha-Gonçalves, C.; Macedo, M.P. How Inflammation Impinges on NAFLD:
A Role for Kupffer Cells. BioMed Res. Int. 2015, 2015, 984578. [CrossRef]

10. Kazankov, K.; Jørgensen, S.M.D.; Thomsen, K.L.; Møller, H.J.; Vilstrup, H.; George, J.; Schuppan, D.; Grønbæk, H. The Role of
Macrophages in Nonalcoholic Fatty Liver Disease and Nonalcoholic Steatohepatitis. Nat. Rev. Gastroenterol. Hepatol. 2019, 16,
145–159. [CrossRef]

11. Luo, X.; Luo, S.-Z.; Xu, Z.-X.; Zhou, C.; Li, Z.-H.; Zhou, X.-Y.; Xu, M.-Y. Lipotoxic Hepatocyte-Derived Exosomal MiR-1297
Promotes Hepatic Stellate Cell Activation through the PTEN Signaling Pathway in Metabolic-Associated Fatty Liver Disease.
World J. Gastroenterol. 2021, 27, 1419–1434. [CrossRef] [PubMed]

12. Fianchi, F.; Liguori, A.; Gasbarrini, A.; Grieco, A.; Miele, L. Nonalcoholic Fatty Liver Disease (NAFLD) as Model of Gut-Liver
Axis Interaction: From Pathophysiology to Potential Target of Treatment for Personalized Therapy. Int. J. Mol. Sci. 2021, 22, 6485.
[CrossRef] [PubMed]

13. Wynn, T.A.; Barron, L. Macrophages: Master Regulators of Inflammation and Fibrosis. Semin. Liver Dis. 2010, 30, 245–257.
[CrossRef] [PubMed]

14. Kim, J.; Lee, S.; Lee, M.-S. Suppressive Effect of Autocrine FGF21 on Autophagy-Deficient Hepatic Tumorigenesis. Front. Oncol.
2022, 12, 832804. [CrossRef] [PubMed]

15. Klionsky, D.J.; Petroni, G.; Amaravadi, R.K.; Baehrecke, E.H.; Ballabio, A.; Boya, P.; Bravo-San Pedro, J.M.; Cadwell, K.; Cecconi,
F.; Choi, A.M.K.; et al. Autophagy in Major Human Diseases. EMBO J. 2021, 40, e108863. [CrossRef] [PubMed]

16. Singh, R.; Kaushik, S.; Wang, Y.; Xiang, Y.; Novak, I.; Komatsu, M.; Tanaka, K.; Cuervo, A.M.; Czaja, M.J. Autophagy Regulates
Lipid Metabolism. Nature 2009, 458, 1131–1135. [CrossRef] [PubMed]

17. González-Rodríguez, A.; Mayoral, R.; Agra, N.; Valdecantos, M.P.; Pardo, V.; Miquilena-Colina, M.E.; Vargas-Castrillón, J.; Lo
Iacono, O.; Corazzari, M.; Fimia, G.M.; et al. Impaired Autophagic Flux Is Associated with Increased Endoplasmic Reticulum
Stress during the Development of NAFLD. Cell Death Dis. 2014, 5, e1179. [CrossRef] [PubMed]

18. Tanaka, S.; Hikita, H.; Tatsumi, T.; Sakamori, R.; Nozaki, Y.; Sakane, S.; Shiode, Y.; Nakabori, T.; Saito, Y.; Hiramatsu, N.; et al.
Rubicon Inhibits Autophagy and Accelerates Hepatocyte Apoptosis and Lipid Accumulation in Nonalcoholic Fatty Liver Disease
in Mice. Hepatology 2016, 64, 1994–2014. [CrossRef] [PubMed]

19. Weiskirchen, R.; Tacke, F. Relevance of Autophagy in Parenchymal and Non-Parenchymal Liver Cells for Health and Disease.
Cells 2019, 8, 16. [CrossRef]

20. Zhang, P.; Cheng, X.; Sun, H.; Li, Y.; Mei, W.; Zeng, C. Atractyloside Protect Mice Against Liver Steatosis by Activation of
Autophagy via ANT-AMPK-MTORC1 Signaling Pathway. Front. Pharmacol. 2021, 12, 736655. [CrossRef]

21. Bruinstroop, E.; Dalan, R.; Cao, Y.; Bee, Y.M.; Chandran, K.; Cho, L.W.; Soh, S.B.; Teo, E.K.; Toh, S.-A.; Leow, M.K.S.; et al.
Low-Dose Levothyroxine Reduces Intrahepatic Lipid Content in Patients With Type 2 Diabetes Mellitus and NAFLD. J. Clin.
Endocrinol. Metab. 2018, 103, 2698–2706. [CrossRef] [PubMed]

22. Zhou, J.; Tripathi, M.; Ho, J.P.; Widjaja, A.A.; Shekeran, S.G.; Camat, M.D.; James, A.; Wu, Y.; Ching, J.; Kovalik, J.-P.; et al. Thyroid
Hormone Decreases Hepatic Steatosis, Inflammation, and Fibrosis in a Dietary Mouse Model of Nonalcoholic Steatohepatitis.
Thyroid 2022, 32, 725–738. [CrossRef] [PubMed]

23. Oh, H.-A.; Kwon, S.; Choi, S.; Shin, H.; Yoon, K.H.; Kim, W.J.; Lim, H.J. Uncovering a Role for Endocannabinoid Signaling in
Autophagy in Preimplantation Mouse Embryos. MHR Mol. Hum. Reprod. 2013, 19, 93–101. [CrossRef] [PubMed]

24. Chen, C.-L.; Lin, Y.-C. Autophagy Dysregulation in Metabolic Associated Fatty Liver Disease: A New Therapeutic Target. Int. J.
Mol. Sci. 2022, 23, 10055. [CrossRef] [PubMed]

25. Sukseree, S.; Schwarze, U.Y.; Gruber, R.; Gruber, F.; Quiles Del Rey, M.; Mancias, J.D.; Bartlett, J.D.; Tschachler, E.; Eckhart, L.
ATG7 Is Essential for Secretion of Iron from Ameloblasts and Normal Growth of Murine Incisors during Aging. Autophagy 2020,
16, 1851–1857. [CrossRef] [PubMed]

26. Baselli, G.A.; Jamialahmadi, O.; Pelusi, S.; Ciociola, E.; Malvestiti, F.; Saracino, M.; Santoro, L.; Cherubini, A.; Dongiovanni, P.;
Maggioni, M.; et al. Rare ATG7 Genetic Variants Predispose Patients to Severe Fatty Liver Disease. J. Hepatol. 2022, 77, 596–606.
[CrossRef]

27. Kim, K.H.; Jeong, Y.T.; Oh, H.; Kim, S.H.; Cho, J.M.; Kim, Y.-N.; Kim, S.S.; Kim, D.H.; Hur, K.Y.; Kim, H.K.; et al. Autophagy
Deficiency Leads to Protection from Obesity and Insulin Resistance by Inducing Fgf21 as a Mitokine. Nat. Med. 2013, 19, 83–92.
[CrossRef]

28. Soussi, H.; Reggio, S.; Alili, R.; Prado, C.; Mutel, S.; Pini, M.; Rouault, C.; Clément, K.; Dugail, I. DAPK2 Downregulation
Associates With Attenuated Adipocyte Autophagic Clearance in Human Obesity. Diabetes 2015, 64, 3452–3463. [CrossRef]

29. Xu, Q.; Mariman, E.C.M.; Roumans, N.J.T.; Vink, R.G.; Goossens, G.H.; Blaak, E.E.; Jocken, J.W.E. Adipose Tissue Autophagy
Related Gene Expression Is Associated with Glucometabolic Status in Human Obesity. Adipocyte 2018, 7, 12–19. [CrossRef]

30. Dong, H.; Czaja, M.J. Regulation of Lipid Droplets by Autophagy. Trends Endocrinol. Metab. 2011, 22, 234–240. [CrossRef]
31. Ohsaki, Y.; Cheng, J.; Fujita, A.; Tokumoto, T.; Fujimoto, T. Cytoplasmic Lipid Droplets Are Sites of Convergence of Proteasomal

and Autophagic Degradation of Apolipoprotein B. Mol. Biol. Cell 2006, 17, 2674–2683. [CrossRef] [PubMed]

http://doi.org/10.1111/liv.14847
http://doi.org/10.3349/ymj.2022.63.7.619
http://doi.org/10.1155/2015/984578
http://doi.org/10.1038/s41575-018-0082-x
http://doi.org/10.3748/wjg.v27.i14.1419
http://www.ncbi.nlm.nih.gov/pubmed/33911465
http://doi.org/10.3390/ijms22126485
http://www.ncbi.nlm.nih.gov/pubmed/34204274
http://doi.org/10.1055/s-0030-1255354
http://www.ncbi.nlm.nih.gov/pubmed/20665377
http://doi.org/10.3389/fonc.2022.832804
http://www.ncbi.nlm.nih.gov/pubmed/35321438
http://doi.org/10.15252/embj.2021108863
http://www.ncbi.nlm.nih.gov/pubmed/34459017
http://doi.org/10.1038/nature07976
http://www.ncbi.nlm.nih.gov/pubmed/19339967
http://doi.org/10.1038/cddis.2014.162
http://www.ncbi.nlm.nih.gov/pubmed/24743734
http://doi.org/10.1002/hep.28820
http://www.ncbi.nlm.nih.gov/pubmed/27637015
http://doi.org/10.3390/cells8010016
http://doi.org/10.3389/fphar.2021.736655
http://doi.org/10.1210/jc.2018-00475
http://www.ncbi.nlm.nih.gov/pubmed/29718334
http://doi.org/10.1089/thy.2021.0621
http://www.ncbi.nlm.nih.gov/pubmed/35317606
http://doi.org/10.1093/molehr/gas049
http://www.ncbi.nlm.nih.gov/pubmed/23112252
http://doi.org/10.3390/ijms231710055
http://www.ncbi.nlm.nih.gov/pubmed/36077452
http://doi.org/10.1080/15548627.2019.1709764
http://www.ncbi.nlm.nih.gov/pubmed/31880208
http://doi.org/10.1016/j.jhep.2022.03.031
http://doi.org/10.1038/nm.3014
http://doi.org/10.2337/db14-1933
http://doi.org/10.1080/21623945.2017.1394537
http://doi.org/10.1016/j.tem.2011.02.003
http://doi.org/10.1091/mbc.e05-07-0659
http://www.ncbi.nlm.nih.gov/pubmed/16597703


Int. J. Mol. Sci. 2023, 24, 1324 14 of 15

32. Harada, M.; Hanada, S.; Toivola, D.M.; Ghori, N.; Omary, M.B. Autophagy Activation by Rapamycin Eliminates Mouse
Mallory-Denk Bodies and Blocks Their Proteasome Inhibitor-Mediated Formation. Hepatology 2008, 47, 2026–2035. [CrossRef]
[PubMed]

33. Serafim, M.P.; Santo, M.A.; Gadducci, A.V.; Scabim, V.M.; Cecconello, I.; de Cleva, R. Very Low-Calorie Diet in Candidates for
Bariatric Surgery: Change in Body Composition during Rapid Weight Loss. Clinics 2019, 74, e560. [CrossRef]

34. Yamamoto, T.; Takabatake, Y.; Takahashi, A.; Kimura, T.; Namba, T.; Matsuda, J.; Minami, S.; Kaimori, J.; Matsui, I.; Matsusaka, T.;
et al. High-Fat Diet–Induced Lysosomal Dysfunction and Impaired Autophagic Flux Contribute to Lipotoxicity in the Kidney. J.
Am. Soc. Nephrol. 2017, 28, 1534–1551. [CrossRef] [PubMed]

35. Byrnes, K.; Blessinger, S.; Bailey, N.T.; Scaife, R.; Liu, G.; Khambu, B. Therapeutic Regulation of Autophagy in Hepatic Metabolism.
Acta Pharm. Sin. B 2022, 12, 33–49. [CrossRef]

36. Camargo, A.; Rangel-Zúñiga, O.A.; Alcalá-Díaz, J.; Gomez-Delgado, F.; Delgado-Lista, J.; García-Carpintero, S.; Marín, C.;
Almadén, Y.; Yubero-Serrano, E.M.; López-Moreno, J.; et al. Dietary Fat May Modulate Adipose Tissue Homeostasis through the
Processes of Autophagy and Apoptosis. Eur. J. Nutr. 2017, 56, 1621–1628. [CrossRef]

37. Hadavi, M.; Najdegerami, E.H.; Nikoo, M.; Nejati, V. Protective Effect of Protein Hydrolysates from Litopenaeus Vannamei Waste
on Oxidative Status, Glucose Regulation, and Autophagy Genes in Non-Alcoholic Fatty Liver Disease in Wistar Rats. Iran J. Basic
Med. Sci. 2022, 25, 954–963. [CrossRef]

38. Rutsatz, K.; Sobkowiak, E.M.; Bienengräber, V.; Held, M. [Cytological changes in the pulp-dentin system following injury due to
cavity preparation and the application of phosphate cement]. Zahn Mund Kieferheilkd Zent. 1985, 73, 123–131.

39. Zhong, Z.; Sanchez-Lopez, E.; Karin, M. Autophagy, Inflammation, and Immunity: A Troika Governing Cancer and Its Treatment.
Cell 2016, 166, 288–298. [CrossRef]

40. Hammoutene, A.; Biquard, L.; Lasselin, J.; Kheloufi, M.; Tanguy, M.; Vion, A.-C.; Mérian, J.; Colnot, N.; Loyer, X.; Tedgui, A.;
et al. A Defect in Endothelial Autophagy Occurs in Patients with Non-Alcoholic Steatohepatitis and Promotes Inflammation and
Fibrosis. J. Hepatol 2020, 72, 528–538. [CrossRef]

41. Caballería, L.; Auladell, M.A.; Torán, P.; Miranda, D.; Aznar, J.; Pera, G.; Gil, D.; Muñoz, L.; Planas, J.; Canut, S.; et al. Prevalence
and Factors Associated with the Presence of Non Alcoholic Fatty Liver Disease in an Apparently Healthy Adult Population in
Primary Care Units. BMC Gastroenterol. 2007, 7, 41. [CrossRef] [PubMed]

42. Deprince, A.; Haas, J.T.; Staels, B. Dysregulated Lipid Metabolism Links NAFLD to Cardiovascular Disease. Mol. Metab. 2020, 42,
101092. [CrossRef] [PubMed]

43. Yang, L.; Li, P.; Fu, S.; Calay, E.S.; Hotamisligil, G.S. Defective Hepatic Autophagy in Obesity Promotes ER Stress and Causes
Insulin Resistance. Cell Metab. 2010, 11, 467–478. [CrossRef] [PubMed]

44. Martinez-Lopez, N.; Singh, R. Autophagy and Lipid Droplets in the Liver. Annu. Rev. Nutr. 2015, 35, 215–237. [CrossRef]
45. Parlati, L.; Régnier, M.; Guillou, H.; Postic, C. New Targets for NAFLD. JHEP Rep. 2021, 3, 100346. [CrossRef]
46. Schlaepfer, I.R.; Joshi, M. CPT1A-Mediated Fat Oxidation, Mechanisms, and Therapeutic Potential. Endocrinology 2020, 161,

bqz046. [CrossRef]
47. Steinhoff, J.S.; Lass, A.; Schupp, M. Biological Functions of RBP4 and Its Relevance for Human Diseases. Front. Physiol. 2021, 12,

659977. [CrossRef]
48. Joseph, S.B.; Castrillo, A.; Laffitte, B.A.; Mangelsdorf, D.J.; Tontonoz, P. Reciprocal Regulation of Inflammation and Lipid

Metabolism by Liver X Receptors. Nat. Med. 2003, 9, 213–219. [CrossRef]
49. Liu, Y.; Qiu, D.K.; Ma, X. Liver X Receptors Bridge Hepatic Lipid Metabolism and Inflammation: LXR, Hepatic Lipogenesis &

Inflammation. J. Dig. Dis. 2012, 13, 69–74. [CrossRef]
50. Janowski, B.A.; Willy, P.J.; Devi, T.R.; Falck, J.R.; Mangelsdorf, D.J. An Oxysterol Signalling Pathway Mediated by the Nuclear

Receptor LXRα. Nature 1996, 383, 728–731. [CrossRef]
51. Kim, Y.S.; Nam, H.J.; Han, C.Y.; Joo, M.S.; Jang, K.; Jun, D.W.; Kim, S.G. Liver X Receptor Alpha Activation Inhibits Autophagy

and Lipophagy in Hepatocytes by Dysregulating Autophagy-Related 4B Cysteine Peptidase and Rab-8B, Reducing Mitochondrial
Fuel Oxidation. Hepatology 2021, 73, 1307–1326. [CrossRef] [PubMed]

52. Takahashi, S.; Sou, Y.-S.; Saito, T.; Kuma, A.; Yabe, T.; Sugiura, Y.; Lee, H.-C.; Suematsu, M.; Yokomizo, T.; Koike, M.; et al. Loss of
Autophagy Impairs Physiological Steatosis by Accumulation of NCoR1. Life Sci. Alliance 2020, 3, e201900513. [CrossRef]

53. Weber, M.; Mera, P.; Casas, J.; Salvador, J.; Rodríguez, A.; Alonso, S.; Sebastián, D.; Soler-Vázquez, M.C.; Montironi, C.; Recalde,
S.; et al. Liver CPT1A Gene Therapy Reduces Diet-induced Hepatic Steatosis in Mice and Highlights Potential Lipid Biomarkers
for Human NAFLD. FASEB J. 2020, 34, 11816–11837. [CrossRef] [PubMed]

54. Moore, M.P.; Cunningham, R.P.; Meers, G.M.; Johnson, S.A.; Wheeler, A.A.; Ganga, R.R.; Spencer, N.M.; Pitt, J.B.; Diaz-Arias, A.;
Swi, A.I.A.; et al. Compromised Hepatic Mitochondrial Fatty Acid Oxidation and Reduced Markers of Mitochondrial Turnover in
Human NAFLD. Hepatology 2022, 76, 1452–1465. [CrossRef] [PubMed]

55. Yanagitani, A.; Yamada, S.; Yasui, S.; Shimomura, T.; Murai, R.; Murawaki, Y.; Hashiguchi, K.; Kanbe, T.; Saeki, T.; Ichiba, M.; et al.
Retinoic Acid Receptor Alpha Dominant Negative Form Causes Steatohepatitis and Liver Tumors in Transgenic Mice. Hepatology
2004, 40, 366–375. [CrossRef]

56. Blaner, W.S. Vitamin A Signaling and Homeostasis in Obesity, Diabetes, and Metabolic Disorders. Pharmacol. Ther. 2019, 197,
153–178. [CrossRef] [PubMed]

http://doi.org/10.1002/hep.22294
http://www.ncbi.nlm.nih.gov/pubmed/18454506
http://doi.org/10.6061/clinics/2019/e560
http://doi.org/10.1681/ASN.2016070731
http://www.ncbi.nlm.nih.gov/pubmed/27932476
http://doi.org/10.1016/j.apsb.2021.07.021
http://doi.org/10.1007/s00394-016-1208-y
http://doi.org/10.22038/IJBMS.2022.62167.13761
http://doi.org/10.1016/j.cell.2016.05.051
http://doi.org/10.1016/j.jhep.2019.10.028
http://doi.org/10.1186/1471-230X-7-41
http://www.ncbi.nlm.nih.gov/pubmed/17983472
http://doi.org/10.1016/j.molmet.2020.101092
http://www.ncbi.nlm.nih.gov/pubmed/33010471
http://doi.org/10.1016/j.cmet.2010.04.005
http://www.ncbi.nlm.nih.gov/pubmed/20519119
http://doi.org/10.1146/annurev-nutr-071813-105336
http://doi.org/10.1016/j.jhepr.2021.100346
http://doi.org/10.1210/endocr/bqz046
http://doi.org/10.3389/fphys.2021.659977
http://doi.org/10.1038/nm820
http://doi.org/10.1111/j.1751-2980.2011.00554.x
http://doi.org/10.1038/383728a0
http://doi.org/10.1002/hep.31423
http://www.ncbi.nlm.nih.gov/pubmed/32557804
http://doi.org/10.26508/lsa.201900513
http://doi.org/10.1096/fj.202000678R
http://www.ncbi.nlm.nih.gov/pubmed/32666604
http://doi.org/10.1002/hep.32324
http://www.ncbi.nlm.nih.gov/pubmed/35000203
http://doi.org/10.1002/hep.20335
http://doi.org/10.1016/j.pharmthera.2019.01.006
http://www.ncbi.nlm.nih.gov/pubmed/30703416


Int. J. Mol. Sci. 2023, 24, 1324 15 of 15

57. Von Eynatten, M.; Humpert, P.M. Retinol-Binding Protein-4 in Experimental and Clinical Metabolic Disease. Expert Rev. Mol.
Diagn. 2008, 8, 289–299. [CrossRef]

58. Giashuddin, S.; Alawad, M. Histopathological Diagnosis of Nonalcoholic Steatohepatitis (NASH). Methods Mol. Biol. 2022, 2455,
1–18. [CrossRef]

59. Auguet, T.; Berlanga, A.; Guiu-Jurado, E.; Terra, X.; Martinez, S.; Aguilar, C.; Filiu, E.; Alibalic, A.; Sabench, F.; Hernández, M.;
et al. Endocannabinoid Receptors Gene Expression in Morbidly Obese Women with Nonalcoholic Fatty Liver Disease. BioMed
Res. Int. 2014, 2014, 502542. [CrossRef]

60. Julien, B.; Grenard, P.; Teixeira-Clerc, F.; Van Nhieu, J.T.; Li, L.; Karsak, M.; Zimmer, A.; Mallat, A.; Lotersztajn, S. Antifibrogenic
Role of the Cannabinoid Receptor CB2 in the Liver. Gastroenterology 2005, 128, 742–755. [CrossRef]

61. Bátkai, S.; Osei-Hyiaman, D.; Pan, H.; El-Assal, O.; Rajesh, M.; Mukhopadhyay, P.; Hong, F.; Harvey-White, J.; Jafri, A.; Haskó, G.;
et al. Cannabinoid-2 Receptor Mediates Protection against Hepatic Ischemia/Reperfusion Injury. FASEB J. 2007, 21, 1788–1800.
[CrossRef] [PubMed]

62. Lotersztajn, S.; Teixeira-Clerc, F.; Julien, B.; Deveaux, V.; Ichigotani, Y.; Manin, S.; Tran-Van-Nhieu, J.; Karsak, M.; Zimmer, A.;
Mallat, A. CB2 Receptors as New Therapeutic Targets for Liver Diseases. Br. J. Pharmacol. 2008, 153, 286–289. [CrossRef] [PubMed]

63. Osei-Hyiaman, D.; Liu, J.; Zhou, L.; Godlewski, G.; Harvey-White, J.; Jeong, W.; Bátkai, S.; Marsicano, G.; Lutz, B.; Buettner,
C.; et al. Hepatic CB1 Receptor Is Required for Development of Diet-Induced Steatosis, Dyslipidemia, and Insulin and Leptin
Resistance in Mice. J. Clin. Investig. 2008, 118, 3160–3169. [CrossRef]

64. Shabalala, S.C.; Dludla, P.V.; Mabasa, L.; Kappo, A.P.; Basson, A.K.; Pheiffer, C.; Johnson, R. The Effect of Adiponectin in
the Pathogenesis of Non-Alcoholic Fatty Liver Disease (NAFLD) and the Potential Role of Polyphenols in the Modulation of
Adiponectin Signaling. Biomed. Pharmacother. 2020, 131, 110785. [CrossRef] [PubMed]

65. Shehzad, A.; Iqbal, W.; Shehzad, O.; Lee, Y.S. Adiponectin: Regulation of Its Production and Its Role in Human Diseases. Hormones
2012, 11, 8–20. [CrossRef] [PubMed]

66. Kleiner, D.E.; Brunt, E.M.; Van Natta, M.; Behling, C.; Contos, M.J.; Cummings, O.W.; Ferrell, L.D.; Liu, Y.-C.; Torbenson, M.S.;
Unalp-Arida, A.; et al. Design and Validation of a Histological Scoring System for Nonalcoholic Fatty Liver Disease. Hepatology
2005, 41, 1313–1321. [CrossRef] [PubMed]

67. Brunt, E.M.; Janney, C.G.; Di Bisceglie, A.M.; Neuschwander-Tetri, B.A.; Bacon, B.R. Nonalcoholic Steatohepatitis: A Proposal for
Grading and Staging The Histological Lesions. Am. J. Gastroenterol. 1999, 94, 2467–2474. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1586/14737159.8.3.289
http://doi.org/10.1007/978-1-0716-2128-8_1
http://doi.org/10.1155/2014/502542
http://doi.org/10.1053/j.gastro.2004.12.050
http://doi.org/10.1096/fj.06-7451com
http://www.ncbi.nlm.nih.gov/pubmed/17327359
http://doi.org/10.1038/sj.bjp.0707511
http://www.ncbi.nlm.nih.gov/pubmed/17952109
http://doi.org/10.1172/JCI34827
http://doi.org/10.1016/j.biopha.2020.110785
http://www.ncbi.nlm.nih.gov/pubmed/33152943
http://doi.org/10.1007/BF03401534
http://www.ncbi.nlm.nih.gov/pubmed/22450341
http://doi.org/10.1002/hep.20701
http://www.ncbi.nlm.nih.gov/pubmed/15915461
http://doi.org/10.1111/j.1572-0241.1999.01377.x

	Introduction 
	Results 
	Baseline Characteristics of Subjects 
	Evaluation of the Relative mRNA and Protein Expressions of Hepatic ATG7 According to BMI 
	Evaluation of the Relative mRNA and Protein Expressions of Hepatic ATG7 According to Liver Histology 
	Evaluation of the Relative mRNA and Protein Expressions of Hepatic ATG7 According to NASH-Related Parameters 
	Evaluation of the Relative mRNA and Protein Expressions of ATG7 According to NAFLD Comorbidities 
	Correlations between Relative mRNA and Protein Expressions of Hepatic ATG7, with Clinical and Biochemical-Related Parameters 

	Discussion 
	Material and Methods 
	Participants 
	Hepatopathological Diagnosis 
	Biochemical Analysis 
	Hepatic mRNA Expression 
	Western Blot Analysis 
	Statistical Analysis 

	Conclusions 
	References

